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Abstract 
Background: Diaphragm motion during spontaneous or mechanical respiration hinders image-guided percutane-
ous interventions of tumours in lung and upper abdomen. Motion-tracking methods can be applied but increase 
procedure complexity and procedure time. One-lung flooding (OLF) generates a suitable acoustic pathway to lung 
tumours and likely suppress diaphragm motion. The aim of this study was to quantify the effect of OLF on ipsilateral 
diaphragm motion during contralateral one-lung ventilation.
Methods: To measure the diaphragm motion, M-mode ultrasonography of the right hemidiaphragm was performed 
during spontaneous breathing and mechanical ventilation, as well as after right-side lung flooding, in three pigs. 
Diaphragm motion was analysed using magnetic resonance images during left-side lung flooding and mechanical 
ventilation, in four pigs.
Results: Double-lung ventilation increased the diaphragm movement in comparison with spontaneous breathing 
(17.8 ± 4.4 vs. 12.2 ± 3.4 mm, p = 0.014). Diaphragm movement on the flooded side during contralateral one-lung 
ventilation was significantly reduced compared to that during double-lung ventilation (3.9 ± 1.0 vs. 17.8 ± 4.4 mm, 
p = 0.041). By analysing the magnetic resonance images, the hemidiaphragm on the flooded side showed an average 
displacement of 4.2 mm, a maximum displacement of 15 mm close to the ventilated lung and no displacement at the 
lateral side.
Conclusion: OLF leads to a drastic reduction of diaphragm motion on the ipsilateral side which implies that target-
ing and motion compensation algorithms for interventions like high-intensity focused ultrasound ablation of intrapul-
monary and hepatic lesions might not be required.
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Background
The respiratory motion of the upper abdominal organs 
is mainly caused by diaphragm motion. Organ motion 
requires gating of imaging techniques and hinders the 
precise targeting of interventions in lung and upper abdo-
men [1, 2]. Extracorporeal high-intensity focused ultra-
sound (HIFU) is a relatively new non-invasive method 
for ablation of tumours in deeply located organs in the 
upper abdomen [3, 4]. Currently the accurate respiratory 
motion compensation for moving organs is a great chal-
lenge. In magnetic resonance-guided HIFU (MRgHIFU) 
the organ motion requires active target tracing for steer-
ing the HIFU beam as well as multibaseline reconstruc-
tion methods for proton resonance frequency shift 
(PRFS) thermometry [5, 6]. Respiratory-gated MRgHIFU 
and MR thermometry using a pencil beam navigator on 
the diaphragm lead to very lengthy treatment times [7]. 
Real-time methods for motion-compensated MR ther-
mometry and MRgHIFU show promising results, but 
are expensive and requiring additional computation and 
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and target tracing techniques are based on 2D data, 
whereas local motion occurs in three dimensions.
Beside all of the available target tracking methods, a 
reduction of diaphragm motion and thereby avoidance of 
target motion is preferred. Special ventilation techniques, 
such as one-lung ventilation, high-frequency jet ventila-
tion (HFJV) and high-frequency oscillatory ventilation 
(HFOV) can reduce movement of the diaphragm and 
thus avoid gating or motion compensation for MR imag-
ing [9, 10].
One-lung flooding (OLF) with saline is a method to 
replace air with water content in lung parenchyma. Pre-
vious work has shown that OLF enables efficient lung 
sonography and tumour imaging in an in  vivo porcine 
model [11]. Furthermore, the flooded lung represents 
an ideal acoustic path for HIFU insonation into lung 
tumours [12, 13]. The flooded lung is not ventilated and 
its mechanical properties are likely stiffer compared to 
ventilated condition. Therefore, it can be assumed that 
the diaphragmatic motion on the flooded side should 
be reduced, which will be beneficial for interventions 
that require OLF for an acoustic access to lung or upper 
abdomen.
Because OLF requires mechanical ventilation of the 
contralateral lung, the extent of the motion suppres-
sion of the hemidiaphragm on the flooded side should 
be investigated. The aim of this study was to quantify the 
effect of OLF on ipsilateral diaphragm motion during 




Animal experiments were performed on seven female 
pigs (Deutsches Landschwein breed; weight: 28–32  kg; 
average: 30  kg) with permission from the Veterinary 
Department of the Thuringian State Authority for 
Food Protection and Fair Trading in compliance with 
the National Animal Protection Act (TLLV). The ani-
mals were premedicated with ketamine (1200  mg i.m.) 
and midazolam (10  mg i.m.), and general anaesthe-
sia was induced with sufentanil (1  µg  kg−1) and propo-
fol (3  mg  kg−1) via a peripheral vein. Anaesthesia was 
maintained with a continuous infusion of propofol 
(10  mg  kg−1  h−1) and sufentanil (0.02  μg  kg−1  min−1). 
After the onset of anaesthesia, the pigs were intubated 
with a single-lumen endotracheal tube (Magill tube, inner 
diameter = 8.5 mm, Mallinckrodt™, Covidien, Neustadt, 
Germany). Following the first ultrasound examination 
during spontaneous breathing, the animals were relaxed 
(pancuronium bromide, 2.5 μg kg−1 min−1) and mechani-
cally ventilated. Mechanical ventilation was performed 
with an ICU respirator (Servo 900, Siemens AG, Munich, 
Germany) on a volume-controlled setting (FIO2  =  0.4; 
tidal volume (TV) 10 ml kg−1 body weight with the res-
piratory rate adjusted to maintain an end tidal CO2 of 
35–45 mmHg; I:E ratio 1:1; PEEP 5 cm H2O).
A left-sided Robertshaw double-lumen tube with an 
extra-long bronchial lane (size 39 Ch; special product 
by Mallinckrodt Medical, Dublin, Ireland) was inserted 
after tracheotomy. The correct position of the tube was 
checked by fibrebronchoscopy (BF 3C30; Olympus, 
Tokyo, Japan). The right internal jugular vein was dis-
sected, and a three-lumen central venous catheter (certo-
fix; B. Braun, Melsungen, Germany) was inserted. The 
right carotid artery was cannulated (Arterial Leader Cath 
2.7 Fr; Vygon, Ecouen, France) to allow blood gas analysis 
and invasive measurement of blood pressure. The elec-
trocardiogram, arterial blood pressure, capillary oxygen 
saturation and expiratory CO2 concentration were meas-
ured and recorded continuously (Datex AS/3 Compact 
Multiparameter Patient Monitor; Datex-Ohmeda Corp., 
Helsinki, Finland). Arterial blood gases were analysed 
every 30  min (ABL System 625; Radiometer Medical, 
Copenhagen, Denmark).
During MR examination vital parameters were moni-
tored using pulse oximeter, respiration belt and MRI-
compatible ECG sensors.
Lung flooding
Thirty minutes after ventilation with FIO2  =  1.0, the 
right endobronchial tube leg was disconnected from the 
respirator. The infusion system was immediately con-
nected to the right tube leg and the lung was slowly filled 
with 465 ml of degassed and tempered (35  °C) isotonic 
saline solution. This volume represents the functional 
residual capacity (FRC) and the TV of a porcine lung 
wing [14]. A single filling was performed passively using 
the gravity of the liquid flowing from an infusion bot-
tle suspended 50 cm above heart level. During one-lung 
ventilation, the respirator settings remained unchanged. 




Right hemidiaphragm movement was measured using 
M-mode ultrasonography during spontaneous breathing 
and mechanical ventilation of both lungs, as well as after 
right-side lung flooding in supine position, in three pigs. 
To assess the movement of the right hemidiaphragm, the 
diaphragm dome was visualised by ultrasound (curved 
array C60e, 5–2 MHz; MikroMaxx; SonoSite Inc., Both-
ell, WA, USA) using a subcostal approach (Fig.  1). In 
M-mode, a selected sound path with a beam angle ≥70° 
was used to follow changes in diaphragm dome position 
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over time. The excursion amplitude between the end of 
expiration and the end of inspiration was measured three 
times. For that measurement, the greatest waveform was 
chosen (Fig. 2).
MR imaging
MR examinations were performed on four animals. After 
successful flooding of the left lung wing the animal was 
placed in 3  Tesla MRI clinical scanner (Prisma Fit, Sie-
mens Medical Solutions, Erlangen, Germany) in lateral 
decubitus position, with flooded lung below. Mechanical 
ventilation of the right lung was maintained as described 
above. MR imaging was performed using spine and body 
array coils. Images were acquired using fast T2-weighted 
HASTE (TE 84  ms/TR 900  ms, coronal, slice 5  mm) 
sequences at the point of end-expiration and end-inspi-
ration using respiration trigger. Image processing was 
performed with ImageJ (v1.48, Nat. Institute of Health, 
USA) and Matlab (Mathworks Inc., Natwick, USA). First, 
edge detection was performed on all images extracting 
the diaphragm location. In- and expiration-based images 
from each slice were merged into a single image (Fig. 3). 
The displacement of the diaphragm was measured at the 
marked points in superior–inferior direction.
Statistical analysis
For all pigs, the end-expiration/end-inspiration difference 
in diaphragm motion was measured sonographically 
three times in each experimental step. Mean values and 
standard deviations were calculated. The results obtained 
at each experimental step were compared using ANOVA 
with repeated measurement followed by pairwise com-
parison procedures. A value of p < 0.05 was considered 
statistically significant.
Results
The end-expiration/end-inspiration difference based 
on sonographical M-mode measurements of the right 
hemidiaphragm during spontaneous breathing, mechani-
cal ventilation and after flooding of the right lung is 
shown in Fig.  4. Double-lung ventilation increased the 
diaphragm movement in comparison with spontane-
ous breathing (17.8 ± 4.4 vs. 12.2 ± 3.4 mm, p = 0.014). 
Diaphragm movement on the flooded side during con-
tralateral one-lung ventilation was significantly reduced 
compared with that during double-lung ventilation 
(3.9 ± 1.0 vs. 17.8 ± 4.4 mm, p = 0.041). Albeit not sig-
nificant, OLF reduces the movement of the ipsilateral 
hemidiaphragm in comparison with spontaneous breath-
ing (3.9 ± 1.0 vs. 12.2 ± 3.4 mm, p = 0.064).
Displacement over the entire diaphragm surface in 
superior–inferior direction based on MR examination is 
shown in Fig. 5 for a representative single animal. Further 
Fig. 1 Subcostal approach for the measurement of movement of 
the right hemidiaphragm by ultrasound (curved array C60e, 5–2 MHz; 
MikroMaxx; SonoSite, Inc.)
Fig. 2 M-mode sonography for the measurement of diaphragm 
movement (end-expiration/end-inspiration difference) a during 
mechanical ventilation and b after lung flooding
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for the diaphragmatic elevation in the central coronal 
plane for all animals is shown in Fig. 6. The greatest dia-
phragm movement with up to 35  mm was measured in 
the laterodorsal diaphragm area on the ventilated side. 
The movement was continuously reduced toward the 
flooded side. On the flooded side the greatest diaphragm 
movement was measured close to the ventilated lung up 
to 15 mm. The average displacement on the flooded side 
was 4.2 mm. The lateral parts of the hemidiaphragm on 
the flooded side showed no movement.
Discussion
Percutaneous minimal-invasive interventions for local 
therapy of malignant tumours in lung and upper abdo-
men is limited by organ motion. As a novel and prom-
ising non-invasive intervention, HIFU ablation is being 
investigated as an option for the treatment of tumours in 
liver, kidneys and pancreas [15, 16]. HIFU seems also to 
evolve into a potential new strategy for treating lung can-
cer [12, 13]. However, organ motion may cause targeting 
problems and impair the precision and efficacy of the 
HIFU beam as well as in MR thermometry [17, 18].
Our results show that OLF leads to substantial reduc-
tion of the ipsilateral diaphragm motion during mechani-
cal ventilation of the contralateral lung. With ultrasound 
M-mode we measured a minimal movement (<4 mm) of 
the hemidiaphragm of the flooded side in comparison 
with double-lung ventilation and spontaneous breath-
ing (18 and 12 mm, respectively). The MR examinations 
confirm these results. In contrast to the locally restricted 
measurement with M-mode sonography, MR imag-
ing allows the measurement of displacement over the 
entire diaphragm. We found a maximum displacement of 
15  mm paramedian close to the ventilated lung and no 
displacement at the lateral side close to the thoracic wall. 
The contralateral diaphragm movement due to mechani-
cal one-lung ventilation is partially transferred to the 
opposite side, while reducing its impact toward lateral 
sections. The combination of OLF and HFJV of the con-
tralateral lung may provide the opportunity to prevent 
even slightest movement of the diaphragm and liver.
The effects of OLF for diaphragm motion suppression 
had never been described before. HFJV and HFOV can 
reduce the diaphragm motion in a similar extent com-
pared to our results [2, 10]. However, high-frequency 
ventilation is feasible only in 80 % of patients due to the 
invisibility of tumours [19]. The air-filled lung covers a 
Fig. 3 MR image merged from end-expiration and end-inspiration 
after edge detection; localisation of the flooded lung left and venti-
lated lung right with diaphragm position in end-expiration (1) and 
end-inspiration (2). Arrow indicates diaphragm displacement during 
breath cycle in the frontal plane
Fig. 4 Diaphragm motion of the right hemidiaphragm during 
spontaneous breathing, during double-lung ventilation (DLV; PEEP 
+5 cm H2O) and after flooding of the right lung wing in supine posi-
tion. Values depict the mean ± SD of three animals. Asterisk indicates 
that the difference is significant in comparison with DLV (p = 0.041). 
Dagger indicates that the difference is significant in comparison with 
spontaneous breathing (p = 0.014)
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significant portion of the upper abdomen, limiting the 
acoustic window for HIFU application [3].
OLF enables efficient lung sonography and tumour 
imaging. The procedure is safe in acute and chroni-
cal animal experimentations [20, 21]. Furthermore, the 
flooded lung represents an ideal acoustic path for HIFU 
insonation into lung tumours [13]. It is plausible that 
OLF would only be performed if an acoustic access to 
lung or adjacent organs for sonographic and or therapeu-
tic interventions using HIFU is required. For that, supe-
rior conditions arise by the good acoustic pathway and 
the motion suppression of the ipsilateral hemidiaphragm.
Some limitations are present as well. The pig represents 
an animal model close to human physiology, but it does 
not have a mediastinum like in humans. This additional 
structure is separating the left and right lung wing sec-
tion. It is therefore likely that in humans the effect of dia-
phragm motion suppression during lung flooding is more 
effective than in our presented large animal model. Our 
M-mode ultrasound measurements were performed on 
animals placed in supine position. Sonographic imaging 
of the depending diaphragm is difficult to perform in a 
lateral decubitus position. MR imaging was performed 
on animals placed in the lateral decubitus position with 
flooded lung below, corresponding with the future clini-
cal application. For the MRgHIFU treatment of liver or 
lung tumours the patients must be placed in the lateral 
decubitus position because the HIFU transducer is usu-
ally integrated in the MR table. In the future, we will 
investigate the influence of various animal positions 
on the diaphragm motion and ventilation parameters, 
including HFJV during OLF.
In conclusion OLF leads to substantial reduction of 
diaphragm motion on the ipsilateral side with the pros-
pect that targeting and motion compensation algorithms 
for interventions like HIFU ablation of intrapulmonary 
and hepatic lesions might not be required.
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